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Edited by Hans EklundAbstract The human pathogen Streptococcus pneumoniae ex-
presses neuraminidase proteins that cleave sialic acids from com-
plex carbohydrates. The pneumococcus genome encodes up to
three neuraminidase proteins that have been shown to be impor-
tant virulence factors. Here, we report the ﬁrst structure of a
neuraminidase from S. pneumoniae: the crystal structure of
NanB in complex with its reaction product 2,7-anhydro-Neu5Ac.
Our structural data, together with biochemical analysis, estab-
lish NanB as an intramolecular trans-sialidase with strict speci-
ﬁcity towards a2-3 linked sialic acid substrates. In addition, we
show that NanB diﬀers in its substrate speciﬁcity from the other
pneumococcal neuraminidase NanA.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Streptococcus pneumoniae (pneumococcus) is a human path-
ogen responsible for high levels of morbidity and mortality
worldwide. The pneumococcus is the most common cause of
community acquired pneumonia and also an important cause
of otitis media, bacteremia and meningitis. Colonization of
the nasopharynx is an essential precursor to disease. Although
colonization is normally asymptomatic and cleared by the host
immune system the bacteria can spread to other sites and cause
disease. S. pneumoniae expresses a variety of protein virulence
factors that allow colonization of diﬀerent human mucosal sur-
faces. Among these factors are neuraminidases (NA), or sialid-
ases, that cleave terminal sialic acids from glycoconjugates.
Structural studies of NAs from viruses, bacteria, and eukary-
otes revealed that the catalytic domains share a six-bladed b-
propeller topology [1–4]. Based on substrate speciﬁcity and
catalytic mechanism NAs can be separated into three diﬀerent
classes [5]. Hydrolytic-sialidases cleave the glycosidic bond of
terminal sialic acids and release free sialic acid, whereas
trans-sialidases transfer the cleaved sialic acid to other glyco-Abbreviations: NA, neuraminidase; IT-sialidase, intramolecular trans-
sialidase; Neu5Ac, neuraminic acid
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belong to exo-a-sialidases (EC 3.2.1.18). Hydrolytic-sialidases
usually have a wide substrate speciﬁcity and cleave a2-3-, a2-
6-, and a2-8-linked terminal sialic acids while trans-sialidases
have a preference for a2-3-linked substrates. The third class
is the intramolecular trans-sialidase (EC 4.2.2.15) that is
strictly speciﬁc for a2-3 linked sialic acids and produces 2,7-
anhydro-Neu5Ac. To date only one enzyme, NanL from Mac-
robdella decora (North American leech) has been assigned to
this class [6].
The S. pneumoniae genome codes for up to three NA pro-
teins: NanA, NanB and NanC. The best understood is NanA
[7] which contributes to nasopharyngeal colonization and
development of otitis media in a chinchilla animal model [8],
and respiratory tract infection and sepsis in mice [9]. NanA
is proposed to aid pathogenesis by revealing carbohydrate
receptors for adherence, providing a carbon source for the bac-
teria, modifying the surface of other bacteria in the same niche,
and aﬀecting the function of host defense molecules [10–14].
Much less is known about the 78 kDa NanB protein, which
has low sequence identity (24%) with NanA [15]. Recent inves-
tigations suggest that NanB plays an important role during
pneumococcal infection of the respiratory tract and sepsis [9]
as well as playing a role in bacterial nutrition [10]. The third
putative NA, NanC, present in less than 50% of pneumococcal
strains has high sequence identity to NanB (46%) but remains
to be characterized [16].
Here, we describe the crystal structure of NanB in complex
with the reaction product 2,7-anhydro-Neu5Ac. Our structural
data, together with biochemical analysis investigating NanB
substrate speciﬁcity, establish the NanB protein as the second
enzyme to catalyze an intramolecular trans-sialidase (IT-siali-
dase) reaction.2. Materials and methods
2.1. Protein cloning, expression and puriﬁcation
The NanB sequence lacking the ﬁrst 29 residues was PCR-ampliﬁed
from S. pneumoniae DNA (TIGR4), cloned into the pOPINF vector
[17], and the reaction mix used to transform E. coli cells. Blue–white
selection yielded a colony used for mini-prepping the plasmid with
the NanB insert. The expression construct was transformed into
E. coli cells (BL21 C+) and plated out on LB Agar. A colony was
picked and inoculated into GS96 medium (20 ml) and the culture incu-
bated overnight at 37 C. This culture was diluted 1 in 100 into 500 ml
of autoinduction medium [18] and incubated at 37 C for 4 h, followed
by 20 h at 25 C. Cells were harvested by centrifugation at 8000 · g
and the cell pellet resuspended in PBS. Cells were passed through ablished by Elsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics
Data collection
Space group P212121
Cell dimensions a, b, c (A˚) 76.7, 82.7, 118.1
Wavelength (A˚) 0.976
Resolution range (A˚) 25.00–1.54
Unique reﬂections 108114
Completeness (%) 97.1 (81.6)
Multiplicity 3.6 (3.0)
Rsym (%) 6.0 (35.1)
I/rI 19.3 (2.6)
Reﬁnement
R (%) 16.2
Rfree (%) 18.8
r.m.s. bond lengths (A˚) 0.01
r.m.s. bond angles () 1.34
Ramachandran plot
Preferred (%) 95.7
Allowed (%) 4.0
Outliers (%) 0.3
Values in parentheses refer to the outermost resolution shell 1.60–
1.54 A˚.
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protein was puriﬁed from the supernatant via nickel aﬃnity puriﬁca-
tion on a 1 ml HisTrap column followed by gelﬁltration.
2.2. Crystallization, structure determination, enzyme assays
Crystallographic methods and a description of NA assays investigat-
ing substrate speciﬁcity are described in the Supplementary material.
Data collection and reﬁnement statistics is given in Table 1. Coordi-
nates and structure factors have been deposited with the Protein Data
Bank (www.pdb.org) with entry codes 2JKB and R2JKBSF, respec-
tively.3. Results
3.1. Crystal structure of NanB in complex with 2,7-anhydro-
Neu5Ac
The NanB crystal structure consists of an N-terminal lectin-
like domain (L-domain, residues 30–227), a catalytic six-
bladed b-propeller domain (N-domain, residues 228–345 and
457–697), and an irregular b-stranded domain inserted into
the catalytic domain (I-domain, residues 346–456) (Fig. 1).
The closest homolog identiﬁed by DALI [19] is NanL from
M. decora (PDB entry 1SLL) [3]. NanB and NanL share the
same multidomain architecture and have a sequence identity
of 43% (over 658 residues) with an r.m.s. distance of 1.8 A˚.Fig. 1. (A) Cartoon representation of the NanB structure. (B) Same as in (A
orange, grey and blue, respectively. 2,7-anhydro-Neu5Ac bound to the NanThe L-domain, classiﬁed as a member of the carbohydrate-
binding module family 40 (www.cazy.org), consists of two
six-stranded antiparallel b-sheets forming the core of the b-
sandwich with one sheet building a convex side and another
forming the concave part. Two additional short antiparallel
b-sheets, each of which are composed of two strands, are also
present. The ﬁrst is inserted as a long loop between two strands
and contacts the catalytic N-domain while the second is ar-
ranged almost perpendicular to the concave side of the b-sand-
wich thereby forming a cavity. Two short helices are found in
this domain. The ﬁrst connects two strands of the core b-sheet
while the second helix packs against the convex side of the b-
sandwich before connecting the L- with the N-domain.
A short linker (residues 225–230) connects the L- and the N-
domain enabling a tight domain–domain interface with a bur-
ied solvent accessible surface area of 1020 A˚2 between them.
The NanL and NanB proteins diﬀer in this domain only in
conformations and lengths of several loops between b-strands
building the six-bladed b-propeller. Both proteins have the
structurally similar I-domain, formed by a long insertion be-
tween two b-strands of the propeller, attached to the catalytic
domain. The NanB active site reveals the classical NA residues
required for catalysis: the arginine triade anchoring the car-
boxylate of the sialic acid substrate is formed by Arg245,
Arg557, and Arg619; Tyr653 and Glu541 build the pair of ami-
no acids that stabilize the positive charge at the sialic acid C2-
atom during the transition state of the reaction; and Asp270 is
the residue acting as acid/base during catalysis. NanB features
also conserved residues that have only been found in NanL
fromM. decora and that are thought to be needed for the strict
substrate speciﬁcity and the unusual intramolecular trans reac-
tion catalyzed by NanL [6]: An additional rim is formed by
loop insertions above the Arg-triade constricting access to
the active site. Tyr589 and Trp674 (NanB) form the pair of
stacking residues that correspond to Tyr643 and Trp734 in
NanL. These residues have been implicated in the strict speci-
ﬁcity for a2-3 linked sialic acids of NanL. Another conserved
residue in NanB is Thr539 which is found at the same position
as Thr593 in NanL. Thr593 in NanL is proposed to sterically
constrain the active site so that the sialic acid substrate can
only bind in a boat conformation with an axial 6-glycerol
group. The latter constraint brings the sialic acid C7-OH
group into close proximity to the C2-atom of the oxycarbeni-
um reaction intermediate and enables formation of the 2,7-
anhydro bond.
To assess further the above similarities with NanL, NanB
crystals were soaked in a solution containing neuraminic acid) but rotated around 90. The L-, N-, and I-domains are coloured in
B active site is shown as spheres (atom colours).
Fig. 2. Stereo image of the NanB active site with the bound product of the IT-sialidase reaction: 2,7-anhydro-Neu5Ac (sticks, orange and atom
colours). Protein residues are displayed in stick mode (grey and atom colour) and labelled. 2mFo-DFc electron density for the ligand is shown in blue
(1r).
Fig. 3. NanB preferentially cleaves a2-3 linked sialic acid from human
a-1 glycoprotein. NanA and NanB were incubated with AGP. Buﬀer
alone served as negative control (), while C. perfringens NA was used
as positive control (+). Following incubation, samples were separated
by SDS–PAGE, transferred and detected by SNA (A), MAA (B) and
DSA (C), which are speciﬁc for sialic acid a2-6 linked to galactose,
sialic acid a2-3 linked to galactose, and galactose linked to N-
acetylglucosamine, respectively.
3350 H. Gut et al. / FEBS Letters 582 (2008) 3348–3352(Neu5Ac) prior to data collection. Surprisingly the electron
density observed in the active site corresponded to 2,7-anhy-
dro-Neu5Ac and thus ring closure, typical for an IT-reaction,
had taken place with Neu5Ac as a substrate (Fig. 2). Superpo-
sition with the same complex from NanL, obtained by soaking
2,7-anhydro-Neu5Ac into the crystal (PDB entry 2SLI) [5], re-
veals the same ligand conformation with essentially all ligand–
protein interactions conserved.
3.2. NanB preferentially cleaves a2-3 linked sialic acid
Enzymatic activity of the recombinant proteins used in the
following experiments was ﬁrst assessed in a standard NA as-
say (Supplementary material). To identify potential diﬀerences
between the pneumococcal NAs, NanA and NanB, assays
were carried out with both proteins. Preference of NanA or
NanB in cleaving either a2-3 or a2-6 linked sialic acid was as-
sessed by incubation with human a-1 acid glycoprotein (AGP).
Lectin blotting with SNA (Fig. 3A), MAA (Fig. 3B) and DSA
(Fig. 3C) was used to detect a2-6 and a2-3 linked sialic acid,
and galactose b1-4 linked to N-acetylglucosamine (Gal b1-4
GlcNAc), respectively [20]. In contrast to NanA, which
cleaved a2-3 and a2-6 linked sialic acids, NanB cleaved all
detectable a2-3 linked sialic acid; however, terminal a2-6
linked sialic acid was still evident. DSA was used to conﬁrm
the presence of AGP in all samples, as it detects Gal b1-4 Glc-
NAc within the N-linked glycan in both the presence and ab-
sence of terminal sialic acid [20]. To further substantiate the
cleavage speciﬁcity of NanA and NanB, we examined their
ability to cleave 3 0- and 6 0-sialyllactose, which contain a2-3
and a2-6 linked sialic acid, respectively. NanA was active
against both glycosidic linkages whereas NanB did not cleave
detectable amounts of a2-6 linked sialic acid (Fig. 4). This data
clearly demonstrates the strict speciﬁcity of NanB for a2-3
linked sialic acid and also establishes that NanA and NanB
diﬀer in their substrate speciﬁcity.4. Discussion
NAs are a large group of enzymes which catalyze the cleav-
age of terminal sialic acids from complex carbohydrates onglycoproteins or glycolipids. Whereas the majority of these en-
zymes cleave terminal sialic acid from a wide variety of glyco-
sidic linkages, only NanL from M. decora has so far been
identiﬁed to exhibit speciﬁcity for a2-3 linkages on glycoconju-
gates [6]. NanL is also unique in that it catalyses an IT-reaction
in which the O7-hydroxyl group of the bound sialic acid at-
tacks the positively charged C2 atom of the oxycarbenium
intermediate. This altered reaction pathway leads to release
Fig. 4. NanB is speciﬁc for a2-3 linked sialic acid. Diﬀerent concentrations of NanA and NanB were incubated with 6 0-sialyllactose (A) and 3 0-
sialyllactose (B). NanA cleaves both glycosidic linkages whereas NanB is not able to cleave a2-6 linked sialic acid (A). Diﬀerences in the activity
towards a2-3 linked substrate between NanA and NanB (B) can be explained by the diﬀerent catalytic pathways of the proteins: IT-sialidase (NanB)
versus hydrolytic sialidase (NanA).
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uct for normal sialidases. The structure of NanL revealed an
additional rim of residues above the Arg-triade of the active
site, in particular Trp734 and Tyr643, to be responsible for
the preference of a2-3 linked substrates [3]. In addition, it
was postulated that Thr593 plays a key steric role in the IT-
reaction by forcing the pyranose ring into a boat conformation
upon release of the leaving group. The boat conformation was
seen as a pre-requisite to position the O7-OH in proximity to
the positively charged C2 for the IT ring closure reaction [5].
The 3D-structure of S. pneumoniae NanB is highly similar to
NanL with the active site conserved and all the key residues
which deﬁne the NanL substrate speciﬁcity and catalytic path-
way present. The presence of the reaction product 2,7-anhy-
dro-Neu5Ac in the NanB active site obtained by soaking the
substrate Neu5Ac into the crystal clearly conﬁrms that NanB
is an IT-sialidase as suggested earlier based on sequence anal-
ysis [3]. Turn-over of Neu5Ac to 2,7-anhydro-Neu5Ac has al-
ready been observed for NanL [5]. Thus, our data conﬁrm this
ﬁnding and establish that free Neu5Ac, the reaction product of
pneumococcal NanA, can act as a substrate for NanB. In addi-
tion, our biochemical assays clearly demonstrate the strict
speciﬁcity of NanB towards a2-3 glycosidic substrate linkages
and highlight the diﬀerences in substrate speciﬁcity between
NanA and NanB. So far no biological function for IT-sialidas-
es has been described. It was postulated that 2,7-anhydro-
Neu5Ac acts as a long lived intermediate remaining in the ac-
tive site of IT-sialidases where it can be transferred to other
glycoconjugates in a classical trans-sialidase reaction [3]. Fur-
ther experiments are needed to clarify whether NanB can
transfer sialic acids to an acceptor and what the biological
function of the unusual IT-sialidase reaction in S. pneumoniae
is.
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